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Introduction
Host inflammatory responses to implanted biomaterials limit device integration and biological performance for most classes of medical devices, including chemical biosensors, leads and electrodes for monitoring and/or stimulation, drug delivery systems, and orthopaedic implants [1] . These inflammatory responses to synthetic materials involve dynamic, multi-component Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. and inter-dependent reactions comprising biomolecule (e.g., protein) adsorption, leukocyte recruitment, adhesion and activation, cytokine expression/release, macrophage fusion into multi-nucleated foreign body giant cells, tissue remodeling and fibrous encapsulation [1, 2] . The duration and intensity of these stages is dependent upon the extent of injury created at the implantation site and the biomaterial physicochemical properties [1] .
Significant biomaterial-based efforts have focused on engineering implant surface coatings to attenuate host inflammatory responses to implanted devices. Strategies focusing on the presentation/delivery of anti-inflammatory and/or pro-wound healing agents, such as heparin, dexamethasone, and superoxide dismutase mimetics, have demonstrated promising reductions in inflammatory responses and fibrous encapsulation [3] [4] [5] . These approaches, however, are limited by complex delivery pharmacokinetics. For example, Reichert and colleagues demonstrated that combined release of dexamethasone and vascular endothelial growth factor reduced fibrous capsule thickness without changes in vascularization around implanted devices [5] . However, these benefits were lost at longer implantation times, possibly due to reductions in the release of bioactive agents. In addition to these bioactive approaches, non-fouling (i.e. protein adsorption-resistant) coatings, including dense polymeric films and brushes as well as hydrogels have been pursued to modulate inflammatory responses to implanted materials [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The rationale for these passive approaches is that reduction in protein adsorption will lead to reduced leukocyte adhesion and activation, thereby attenuating the extent of the foreign body reaction. Although many of these coatings exhibit reduced protein adsorption and leukocyte adhesion/activation in vitro, inconsistent results have been obtained regarding the ability of these materials to reduce in vivo acute and chronic inflammatory responses [6, 11, 13, 16] . Possible explanations for the mixed in vivo results with these coatings include insufficient non-fouling behavior, coating degradation, and inflammatory mechanism(s) independent from protein adsorption.
Micro-and nano-structured hydrogels offer distinct advantages over traditional surface modifications, including high water content, high diffusivity for solute transport within polymer network, and the ability to incorporate multiple chemical functionalities to generate complex architectures [17, 18] . We recently developed a biomaterial coating strategy based on films of microgel particles of poly(N-isopropylacrylamide) (pNIPAm) cross-linked with short chains of non-fouling poly(ethylene glycol) (PEG) that render glass and polymeric substrates resistant to fibroblast adhesion in vitro [19] . The objective of the present study was to evaluate in vitro and in vivo inflammatory cell responses to these microgel films tethered onto poly (ethylene terephthalate) (PET). PET was chosen as the base material because this polymer is used in many biomedical devices, including sutures, vascular grafts, sewing cuffs for heart valves, and components for percutaneous access devices. PET elicits acute and chronic inflammatory responses characterized by leukocyte adhesion and fibrous encapsulation [20, 21] . Furthermore, PET has been used a model biomaterial for numerous basic biomaterial-host interactions. We demonstrate that these microgel conformal coatings reduce in vitro monocytes/macrophage adhesion and spreading as well as leukocyte recruitment, adhesion, and pro-inflammatory cytokine expression to implanted PET in an in vivo acute inflammation model.
Materials and methods

Sample preparation
Thin sheets of PET (AIN Plastics/ThyssenKrupp Materials NA, Madison Heights, MI) were cut into disks (8 mm diameter) using a sterile biopsy punch (Miltex Inc., York, PA) and rinsed briefly in 70% ethanol to remove contaminants introduced during the manufacturing process. pNIPAm microgel particles (100 mM total monomer concentration) were synthesized with 2 mol% PEG diacrylate (MW 575) by free radical precipitation polymerization [19] . Particles were synthesized with 10 mol% acrylic acid as a co-monomer to incorporate functional groups for future modification. Particle composition was confirmed by NMR. Particle size (hydrodynamic radius) and polydispersity were 334 ± 30 nm and 1.11 + 0.03, respectively. Microgels were deposited on the surface of PET disks using a spin coating process as previously described [22] . All samples were rinsed in 70% ethanol on a rocker plate for 4 days, changing the solution daily to clean the samples and remove endotoxin contaminates. Prior to use, samples were rinsed three times in sterile phosphate buffered saline (PBS) and allowed to rehydrate for at least 1 h. Samples contained 10-fold lower levels of endotoxin than the United States Food and Drug Administration's recommended 0.5 EU/mL, as determined by the LAL chromogenic assay (Cambrex, East Rutherford, NJ).
Biomaterial surface characterization
X-ray photoelectron spectroscopy (XPS) analysis was performed on a Surface Science SSX-100 small spot ESCA Spectrometer using monochromatic Al K alpha X-rays, 800 µm spot size, 150 eV pass energy, and take-off angle of 55°. Atomic force microscopy (AFM) images were obtained in AC mode on an Asylum Research MFP-3D atomic force microscope. Spring constants were calculated using the thermal method. Imaging and analysis was performed using the Asylum Research MFP-3D software (written in the IgorPro environment, WaveMetrics, Inc., Lake Oswego, OR). An Olympus AC160 cantilever with k = 42 N/m, f 0 = 300 kHz was used for imaging.
Fibrinogen adsorption
Fibrinogen was selected as a model plasma protein to quantify protein adsorption onto biomaterial surfaces. The amount of surface-adsorbed protein was determined using a purified solution of radiolabeled fibrinogen diluted with unlabeled fibrinogen. Samples were incubated for 1 h in a mixture of 125 I-labeled human fibrinogen (65% purity, 95% clottable, specific activity of 0.86 µCi/µg, MP Biomedicals, Irvine, CA) and unlabeled human fibrinogen (65% purity, 95% clottable, Sigma-Aldrich, St. Louis, MO) to generate a range (2-200 µg/mL) of coating concentrations. Tri(ethylene glycol)-terminated self-assembled monolayers on goldcoated glass coverslips and unmodified glass coverslips were used as controls. Following incubation in fibrinogen solutions, samples were rinsed in PBS, incubated for 30 min in a 1% solution of heat-denatured bovine serum albumin (BSA), and rinsed in PBS to remove loosely adsorbed proteins. A Packard Cobra II gamma counter was used to measure the level of radiolabeled fibrinogen adsorbed onto the samples. After correcting for background and label dilution, the amount of protein adsorbed on each sample was calculated as the radioactive counts divided by the surface area and specific activity. Pilot experiments demonstrated that the albumin incubation and buffer rinses only displace a small amount (< 10%) of adsorbed fibrinogen from these surfaces.
Primary human monocyte isolation and culture
Peripheral human whole blood was obtained from healthy volunteer donors at the Georgia Institute of Technology Student Health Center in accordance with an approved Institute Review Board protocol (H05012). To prepare autologous human serum, blood (120 mL) was centrifuged (3000 rpm, 10 min, room temperature) to pellet red blood cells. The supernatant was collected, pushing down clots manually using a sterile pipette tip, and allowing further clotting (90 min, room temperature) with clearance by another centrifugation (3000 rpm, 15 minutes, room temperature).
Human monocytes were isolated from whole blood immediately after collection using an established method developed by Anderson's group [23, 24] with slight modifications. Cell isolations were performed on blood from three separate donors for three independent experiments (unpooled samples) with equivalent results. Blood (120 mL) was collected in heparin-coated syringes (333 U/mL blood, Baxter Healthcare, Deerfield, IL). The heparinized blood was transferred to polystyrene bottles (Corning, Corning, NY), diluted 1:1 with sterile PBS without calcium/magnesium, and gently swirled to mix. Peripheral blood mononuclear cells were separated using lymphocyte separation medium (Cellgro MediaTech, Herndon, VA) by differential gradient centrifugation (400g, 30 min at room temperature in a Thermo Fisher centrifuge, model # 5682, rotor IEC 216). The mononuclear cell layer was collected and erythrocytes lysed (155 mM ammonium chloride, 10 mM potassium bicarbonate and 0.1 mM EDTA) and washed twice with sterile PBS to remove the lysis buffer. This isolation procedure yielded > 95% viable cells as determined by Trypan blue exclusion. Flow cytometric analyses indicated 50 ± 5% monocytes (CD14+) and 46 ± 3% lymphocytes (CD14-). These yields for cell viability and monocyte fractions are consistent with previous reports [23, 25] .
Cells were resuspended at a concentration of 5 × 10 6 cells/mL in culture media (RPMI-1640 containing 25 mM HEPES, 2 mM L-glutamine [Invitrogen] , 100 U/mL penicillin/streptomycin [Cellgro] and 25% filter-sterilized autologous human serum), plated in a volume of 10 mL onto 100-mm Primaria™ culture plates, and incubated at 37 °C and 5% CO 2 . After 2 h, non-adherent cells were removed by rinsing three times with warm media. Cells were cultured for 10 days prior to plating onto experimental/control surfaces based on previous results showing that this time period provides for sufficient macrophage maturation [24] . Media changes occurred on days 3 and 6 of culture with media containing heat-inactivated autologous serum (56 °C, 1 h) used on day 6. By day 10 in culture, this procedure yielded 61 ± 18% macrophages (CD64+) and 29 ± 18% lymphocytes. The purity of macrophages increases with time in culture as nonadherent lymphocytes are washed away. We note that there is evidence that lymphocytes modulate and support monocyte differentiation as well as monocyte activities on biomaterials [26] , suggesting that it is relevant to include this lymphocyte population in culture.
In vitro murine and human macrophage adhesion
Murine IC-21 macrophages (TIB-186, ATCC, Manassas, VA) were plated at a density of 67,000 cells/cm 2 on unmodified PET controls and microgel-coated samples. IC-21 cells were maintained in RPMI-1640 containing 25 mM HEPES, 2 mM L-glutamine, 100 U/mL penicillin/streptomycin and 10% fetal bovine serum at 37 °C and 5% CO 2 . Human monocytes were plated at 50,000 cells/cm 2 on microgel-coated PET or unmodified PET controls and maintained in culture media supplemented with 25% autologous human serum at 37 °C and 5% CO 2 . Following 48 h of culture, biomaterial samples were rinsed three times with sterile PBS to remove loosely adherent cells. Remaining adherent cells were stained with calcein-AM (live cells) and ethidium homodimer-1 (dead cells) (Invitrogen) and imaged using a Nikon E-400 microscope equipped with epifluorescence optics and image analysis. Five representative fields per sample (4-5 independent samples per condition) were acquired (10X Plan Fluor Nikon objective, 0.30 NA), and image analysis software (ImagePro, Media Cybernetics, Silver Spring, MD) with in-house macros was used to count adherent cells and quantify cell spreading.
Murine intraperitoneal implantation
An established intraperitoneal implantation model was used to assess acute inflammatory responses [20, 27] . Animal procedures were conducted in accordance with an IACUC-approved protocol. Male 10-14 wk old C57BL/6 mice (Charles River Laboratories, Wilmington, MA) were anesthetized by isofluorane. Following a midline incision into the peritoneal cavity, sterile samples (two disks per mouse) were implanted for 48 h. Sham surgeries were performed on additional mice to be used as controls. Prior to explantation, the IP cavity was injected with 3 mL of sterile PBS containing sodium heparin (50 U/mL, Baxter Healthcare, Deerfield, IL) as an anticoagulant. The abdomen was then massaged briefly, the IP lavage fluid was collected using a syringe, and disks were retrieved for analysis. One disk was used for immunofluorescence staining of adherent cells, and the second disk was used to harvest adherent cells for flow cytometric analysis of intracellular cytokine levels. Animals were sacrificed using a CO 2 chamber.
Immunofluorescence staining of adherent cells
Following careful explantation from the intraperitoneal cavity, biomaterial disks were stored briefly in PBS until completion of the retrieval surgery. Samples were then rinsed three times in PBS and fixed with 10% neutral buffered formalin. Adherent cells were permeabilized using 0.1% Triton-X 100 in PBS. Fetal bovine serum (5%) in PBS was used to block nonspecific protein binding. Explants were then incubated at room temperature with a primary monoclonal antibody against the macrophage marker CD68 at a 1:200 dilution (clone KP1, Abcam, Cambridge, MA). After rinsing to remove excess antibody, explants were incubated in AlexaFluor 488-conjugated goat anti-mouse IgG antibody (1:200 dilution) and counterstained with rhodamine-phalloidin (1:100 dilution) and Hoechst (1:10,000 dilution) to stain actin filaments and nuclei, respectively. Isotype control antibodies and additional staining controls demonstrated specific staining of target epitopes with minimal background. Antibodies were diluted in a solution of 1% heat-denatured BSA in PBS, and all reagents were used at 4 °C. Samples were then rinsed five times in PBS and once in deionized H 2 O, mounted on glass slides with coverslips, and stored in the dark at 4 °C until imaged. Eight fields per sample were acquired (20X Plan Fluor Nikon objective, 0.45 NA), and ImagePro software (Media Cybernetics, Silver Spring, MD) with custom-designed macros was used to count the adherent cells. Results shown represent 5 or more animals per treatment group from a single implantation experiment.
Intracellular cytokine staining and flow cytometric analysis
The second disk explanted from the intraperitoneal cavity was used for measurements of cytokine expression in implant-associated cells via flow cytometry. Explanted samples were rinsed briefly in PBS and quickly transferred to a 24-well plate, and lavage samples were centrifuged to pellet cells. Cytokine staining was performed using fluorophore-labeled antibodies according to the manufacturer's protocol (eBioscience, San Diego, CA). Briefly, 1.0 mL of warm brefeldin A solution (3 µg/mL) in serum-containing media was added to each sample (disk or lavage fluid) to inhibit protein secretion into the media, and cells were incubated for 4 h at 37 °C to allow for cytokine accumulation within the cells.
Pilot experiments with different dissociation conditions were performed to identify protocols to efficiently isolate implant-associated cells with minimal cellular debris and appropriate staining and instrument settings for flow cytometry analysis. For cell harvest, samples were rinsed three times in cold PBS without calcium/magnesium. Disk-adherent cells were removed using warm trypsin (0.05% containing 0.53 mM EDTA), transferred to microcentrifuge tubes, and centrifuged at 300g. The resultant cell pellet was resuspended in 1.0 mL of 10% neutral buffered formalin, and tubes were shaken at low speed on a vortexer for 10 min. A series of rinse-and-centrifuge cycles were used to remove excess fixative, and cell pellets were resuspended in a combined permeabilization/blocking buffer and replaced on the vortexer for 20 min. 
Statistical analysis
Data are presented as mean ± standard error. Statistical analysis was performed by ANOVA using Systat 11.0 (Systat Software Inc., San Jose, CA). Flow cytometry histograms were compared using the Kruskal-Wallis non-parametric test. Pair-wise comparisons were performed using Tukey post-hoc tests with a 95% confidence level considered significant.
Results
Deposition of microgel particles as conformal coatings
PET substrates (Fig. 1a) were functionalized with p(NIPAM-co-AAc-co-PEGDA) microgel particles (Fig. 1b and c) , which were covalently attached to the surface via the incorporation of an aminobenzophenone photoaffinity label followed by UV excitation to form a covalently cross-linked coating [22] (Fig. 1) . Biomaterial surfaces were analyzed for both chemical composition and the uniformity of microgel deposition using XPS and AFM, respectively. XPS survey scans revealed the presence of carbon and oxygen groups on unmodified PET controls and microgel-coated surfaces ( Fig. 1d and e, respectively) . Nitrogen groups (400 eV binding energy) were present only on microgel-coated surfaces (Fig. 1e) . With respect to elemental composition, PET substrates contained approximately 72% carbon and 25% oxygen, whereas microgel coatings contained 77% carbon, 15% oxygen, and 9% nitrogen (all 1s orbitals). Additional high resolution scans confirmed multiple carbon bonds corresponding to the chemical structures of the PET substrate and microgel coatings (Fig. 1f and g, respectively) . In particular, there was an abundance of amide bonds characteristic of pNIPAm in the microgel coating. This chemical composition is consistent with the theoretical values.
AFM images were obtained and rendered in three dimensions (Fig. 2) to visualize surface topography of the biomaterials. PET displayed a generally smooth surface (< 200 nm) exhibiting scratches and surface defects (Fig. 2a) , mostly likely arising from the manufacturing process. Spin coating-based deposition of the microgel particles resulted in a conformal coating on the surface with microgel particles effectively filling in scratches and covered ridges commonly present on the surface of the underlying PET substrate (Fig. 2b) . The thickness of these microgel coatings is on average 160 nm (dry) and 300 nm (swollen), as determined by AFM. Comparisons between AFM analyses of substrates with incomplete and full microgel coverage indicated monolayer particle deposition, with no evidence of multilayer formation. More expansive 50 × 50 µm 2 scans also confirmed uniform microgel coverage (results not shown). The presence of these pNIPAm-specific nitrogen groups, along with AFM image analysis, confirms that the microgel particles were successfully deposited on the surface of PET disks.
Fibrinogen adsorption studies
We next examined the ability of these microgel coatings to attenuate protein adsorption. Fibrinogen was selected as the model protein for adsorption studies as this plasma component has been extensively studied in the context of host responses to synthetic materials. In addition to playing a central role in platelet adhesion to blood-contacting materials, fibrinogen adsorption promotes in vitro and in vivo leukocyte recruitment and adhesion to biomedical materials [20, 25, 27] . Protein adsorption onto the surfaces was measured using 125 I-labeled human fibrinogen from a purified solution (Fig. 3) . Microgel-coated samples adsorbed 7-fold lower levels of fibrinogen compared to unmodified PET disks. Additionally, the PEG-based microgel coatings performed comparably to tri(ethylene glycol)-terminated self-assembled monolayers (EG 3 SAMs) on gold-coated glass substrates, which have been extensively examined as model non-fouling surfaces [28] . Moreover, we previously demonstrated that microgel coatings reduce albumin adsorption to background levels [19] . Taken together, these results demonstrate that microgelbased coatings significantly reduce protein adsorption onto the underlying biomaterial substrate.
In vitro leukocyte adhesion
We evaluated in vitro monocytes/macrophage adhesion to microgel-coated and unmodified PET as a model of the leukocyte recruitment/adhesion events in the acute phase of biomaterialinduced inflammation. Murine IC-21 macrophages were plated and cultured for 48 h on biomaterials, and adherent cells were imaged and scored for viability, adherent cell density, and spread area. Unmodified PET control samples supported significant levels of cell adhesion, whereas microgel coatings exhibited 40-fold lower levels of IC-21 macrophage adhesion (Figs. 4a and 4b, respectively), as quantified in Fig. 4c (p < 1.2×10 −5 ) . Furthermore, cells adherent to unmodified PET samples had almost double the cytoplasmic spread area of those associated with microgel-coated samples (Fig. 4d, p < 1.2×10 −5 ). Calcein-AM/ethidium homodimer (Live/Dead™) staining showed > 98% viability for both surfaces.
We performed similar studies with primary human monocytes/macrophages isolated from whole blood, as these primary cells represent a more clinically relevant model [1] . After 48 h in culture with biomaterial surfaces, adherent cells were imaged and scored for viability, adherent cell density, and spreading area. In good agreement with the murine macrophage line results, unmodified PET supported high numbers of adherent primary monocytes (Fig. 5a ), whereas microgel coatings (Fig. 5b) reduced primary human monocyte/macrophage adherent cell numbers by 3-fold compared to control substrates. These results are shown graphically in Fig. 5c (p < 1.1×10 −4 ). In addition, cells adherent to unmodified PET control surfaces exhibited more cell extensions and had double the cytoplasmic spread area of those associated with microgel-coated samples (Fig. 5d , p < 1.2 × 10 −5 ). Calcein-AM/ethidium homodimer staining showed > 95% viability for both substrates. These results demonstrate that microgel coatings significantly reduce monocyte/macrophage adhesion and spreading compared to control PET supports.
Acute inflammatory cell responses to microgel coatings
We next evaluated early cellular responses to biomaterials implanted in the intraperitoneal cavity of mice. Tang and colleagues have established this model to examine leukocyte recruitment to implanted biomaterials during the acute inflammatory process [20, 27] . Unmodified and microgel-coated PET disks (2 samples per mouse) were implanted for 48 h and then explanted and analyzed to determine leukocyte recruitment and adhesion as well as pro-inflammatory cytokine expression. Mice surgically treated but not receiving any biomaterial disks were used as sham controls.
One disk explanted from each mouse was used to examine leukocyte recruitment and adhesion by cell staining and fluorescence microscopy. Following fixation and permeabilization, adherent cells were stained using an antibody against CD68 (macrophage marker), rhodamine phalloidin (actin filaments), and Hoechst (nuclei). Unmodified PET control samples displayed a dense monolayer of adherent cells (Fig. 6a) . In contrast, significantly fewer cells were attached to the microgel-coated samples (Fig. 6b) . Quantification of adherent cells demonstrated a 4.6-fold reduction in cell density for microgel-coated samples compared to unmodified PET (p < 1.1×10 −5 , Fig. 6e ). Furthermore, higher magnification images demonstrated fewer CD68+ macrophages on microgel-coated samples (Fig. 6d) compared to unmodified PET controls (Fig. 6c) . Similar results in terms of differences in adherent cell numbers between microgel-coated and unmodified PET surfaces were observed for in a small number of samples implanted in the murine intraperitoneal space for 16 h.
We also examined the expression of inflammatory cytokines (TNF-α, IL-1β, MCP-1, and IL-10) in implant-associated cells at 48 h of implantation by flow cytometry as a measure of leukocyte activation. This cytokine profile was selected based on previous reports of acute cytokine expression around biomaterial implants [29] [30] [31] [32] . To ensure that the flow cytometry analysis was performed on whole cells and not debris for the harvest procedure, we first stained a subset of the harvested samples for markers characteristic of the cell populations, mainly macrophages and neutrophils. Figure 7a shows a contour profile for forward scatter (FSC, proportional to particle size) vs. side scatter (SSC, proportional to antibody staining). The profile was gated for two major areas (P1, P2). The cell population in P1, which corresponds to 85-90% of the total number of events recorded, contains particles that (i) are large enough to represent whole cells (based on FSC values) and (ii) stain positive for macrophages and neutrophils. We therefore performed analyses for cytokine expression on this P1 cell population. This type of analysis is consistent with standard immunology flow cytometric analysis [33] .
Figures 7b-d present histograms showing cell counts (y-axis) as a function of cytokine staining intensity (x-axis). For TNF-α, IL-1β, and MCP-1, the histograms for microgel-coated PET show a left-ward shift compared to the histograms for untreated PET. Kruskal-Wallis nonparametric tests indicated that the histograms for microgel-coated PET were statistically different from histograms for control PET (p < 0.02). In addition, ANOVA of the geometric means for histograms from independent samples showed that microgel-coated samples contained significantly lower levels of pro-inflammatory TNF-α, IL-1β, and MCP-1 than unmodified PET controls (Fig. 7e-g, respectively; p < 0.003). No significant differences were detected between groups for levels of anti-inflammatory IL-10 (results not shown). Additionally, a peritoneal lavage was performed to collect fluid in the tissue exudates proximal to the implant. No differences were detected between surface treatments for pro-inflammatory cytokine expression of cells in the exudate, and these levels of cytokine expression were similar to the sham controls. These results demonstrate that leukocyte activation was dependent on adhesion to the biomaterial implant. Furthermore, microgel coatings attenuate leukocyte activation and significantly reduce expression of pro-inflammatory cytokines compared to PET substrates.
Discussion
We present a coating strategy based on thin films of poly(N-isopropylacrylamide-co-acrylic acid) hydrogel microparticles cross-linked with PEG diacrylate. These microgel particles were spin-coated and covalently grafted onto PET substrates. XPS and AFM analyses demonstrated that these particles were deposited as dense conformal coatings. Attractive features of this coating technology include (i) precise control over particle synthesis in terms of composition and structure, (ii) ability to generate complex architectures and/or functionalities, including controlled drug release, and (iii) ability to generate 'mosaic' complex coatings containing variations in particle composition and/or spatial arrangement via modular assembly and soft lithography [18] . In addition, these particles can be deposited onto different substrates by various means, including spin coating, centrifugation, and dip-coating. We note that the amount of mass attached with just a few chemical reactions at the surface is potentially extraordinarily high, which should be beneficial for obtaining high densities of PEG and good surface coverage. Compared to many 'grafting-to' and surface polymerization reactions, this approach provides a more controllable route. Nevertheless, generation of dense, conformal microgel coatings requires optimization of particle deposition parameters, including covalent tethering, and may not be easily applicable to surfaces with complex geometries/topographies.
We examined in vitro protein adsorption onto microgel-coated and uncoated PET using radiolabeled fibrinogen as a model plasma protein. Microgel coatings significantly reduced fibrinogen adsorption compared to unmodified PET. Additionally, the PEG-based microgel coatings performed equivalently to self-assembled monolayers presenting tri(ethylene glycol). The significant reductions in adsorbed fibrinogen for microgel coatings are in good agreement with previous results for low adsorption of serum albumin to these films [19] . We attribute the reductions in protein adsorption to microgel coatings to the presentation of PEG 'loops' at the microgel surface resulting from temperature-induced deswelling of pNIPAm at physiological temperatures [19, 34] . The levels of fibrinogen adsorbed onto microgel coatings (60 ng/cm 2 at 30 µg/mL coating concentration) are comparable to protein densities (40-60 ng/cm 2 ) adsorbed onto PEG/PEO polymers grafted onto surfaces [35, 36] . However, the density of fibrinogen adsorbed onto the microgel coatings is considerably higher than protein densities (< 10 ng/ cm 2 ) adsorbed onto dense brushes of oligo(ethylene glycol)methacrylate and poly(2-methacryloyloxyethyl phosphorylcholine) generated by surface-initiated polymerization reactions [7, 37, 38] . Furthermore, the fibrinogen adsorption levels for the microgel coating are also higher than fibrinogen adsorption values (< 10 ng/cm 2 ) reported for glow discharge plasmadeposited tetraethylene glycol dimethyl ether densely cross-linked coatings ("tetraglyme") [25, 39] . The differences in protein adsorption resistance among these coating technologies probably arise from differences in the architecture/structure of the PEG chains as the chain length and grafting density strongly influence "non-fouling" behavior [7, 40] . An alternative explanation for the higher values of adsorbed fibrinogen to the microgel coatings is that there are spaces between microgel particles below the resolution of the AFM rendering that provide sites for protein adsorption. This potential limitation could be addressed by using a different deposition technique or multi-layers of microgel particles. Finally, it is important to note that additional experiments with more complex protein solutions, such as plasma, are required to fully characterize the protein-adsorption resistant properties of these coatings.
Microgel-coated PET exhibited significant reductions in in vitro cell adhesion and spreading compared to untreated PET for both an established murine macrophage cell line and primary human monocytes/macrophages. The reduced levels of cell adhesion and spreading on microgel-coated surfaces provide indirect evidence for the lack of adsorption of cell-adhesion promoting proteins. We observed high levels of viability between surface conditions, so we do not attribute the differences in adherent cell numbers and spreading to differences in cell viability between the surfaces. These cell adhesion results are consistent with previous reports of very low in vitro monocytes/macrophage adhesion to PEG-functionalized materials such as tetraglyme and PEG-star coatings [11, 12] . In contrast, other studies showed high monocytes/ macrophage adhesion to surfaces grafted with PEO polymers or PEG-containing interpenetrating networks [9, 41] ; however, in vitro macrophage fusion into foreign body giant cells was significantly decreased on these coatings. The reason(s) for these discrepancies in monocytes/macrophage adhesion among PEG-based coatings remains poorly understood. These PEG-based coatings significantly reduce protein adsorption, albeit to different extents, and prevent adhesion of other cell types such as osteoblasts and endothelial cells. Possible explanations include (i) differences in adhesion receptor repertoire or numbers between primary monocytes/macrophages and other cell types and (ii) increased cell type-dependent degradation/modification of the underlying PEG coating.
We evaluated acute inflammatory cellular responses to microgel coatings in a murine intraperitoneal implant model. Microgel coatings significantly reduced the number of adherent leukocytes compared to uncoated PET at 48 h of implantation. Similar differences were observed in a small number of samples implanted for 16 h. These reductions in in vivo leukocyte adhesion for the microgel coatings are in good agreement with our in vitro cell adhesion findings. Furthermore, analysis of cytokine expression in adherent leukocytes demonstrated that microgel coatings reduced expression of the pro-inflammatory cytokines TNF-α, IL-1β, and MCP-1 compared to untreated microgel coatings following 48 h implantation. This analysis is based on comparing equal numbers of cells; because microgel-coated implants contained 4.6-fold fewer cells than untreated PET implants, we expect that the total cytokine load will be significantly reduced for the microgel-coated implants. Differences in cytokine expression were only detected for adherent cells and were not evident in cells isolated from lavage fluid, suggesting that adhesion to the implant was necessary for increased cytokine expression. Taken together, these results indicate that microgel coatings reduce acute inflammatory cell adhesion and cytokine expression in vivo. Finally, we note that the use of flow cytometry for analysis of cytokine expression provides a sensitive and powerful "per cell" assay that allows direct comparisons between cell populations, especially when compared to population-averaged assays such as ELISA. However, the flow cytometry-based assay is limited to measuring intracellular, but not secreted, cytokines and provides relative (not absolute) measurements.
The significant reductions in leukocyte adhesion and activation (cytokine expression) for microgel-coated PET contrast with reports for in vivo leukocyte adhesion to PEG/PEO-coated materials [11, 16, 42] . For instance, Horbett and colleagues demonstrated high levels of leukocyte adhesion to tetraglyme coatings after 1-day subcutaneous implantation [11] , even though they reported reduced in vitro adhesion of monocytes/macrophages [43] . These investigators attributed the increased levels of in vivo leukocyte adhesion to degradation of the tetraglyme coating and inadequate non-fouling behavior. Interestingly, in vitro cell adhesion studies in the presence of whole blood or 10% autologous plasma revealed increased levels of leukocyte adhesion and spreading, consistent with the in vivo observations. The differences in adhesive activities between various media conditions (whole blood, 10% plasma, and 10% serum) suggest that differences in protein adsorption, possibly fibrinogen, account for the observed responses. This possibility warrants further examination. Nonetheless, it is evident from the preceding discussion that there is no simple correlation among protein adsorption, in vitro monocyte/macrophage adhesion, and in vivo leukocyte adhesion for PEG-based coatings.
Several mechanisms could explain the ability of microgel coatings to significant reduce in vivo leukocyte adhesion and cytokine expression, especially when considering that these coatings exhibited higher levels of protein adsorption compared to tetraglyme and other PEObased films. First, the higher levels of adsorbed proteins may be due to adsorption in spaces between microgel particles that are inaccessible to cells, resulting in dense conformal coatings with respect to the cells. Alternatively, because our assembly process deposits a high volume polymer film (swollen microgel coatings are ∼ 300 nm thick, tetraglyme coatings are 100 nm [39] ), it is possible that the microgel coatings undergo slower overall degradation than other coatings. Finally, an intriguing possibility is that the topography, in combination with the surface chemistry, of the microgel coating reduces leukocyte adhesion. Siedlecki et al. recently demonstrated that sub-micron surface features (pillars) reduce platelet adhesion and activation [44] . Regardless of the underlying mechanism(s) responsible for the observed acute cellular responses, additional analyses with longer implantation times to examine chronic inflammatory responses and fibrous encapsulation are required to establish the potential of this microgel technology as a coating strategy for biomedical devices.
Conclusion
We present a coating strategy based on thin films of poly(N-isopropylacrylamide-co-acrylic acid) hydrogel microparticles cross-linked with poly(ethylene glycol) diacrylate. Simple spin coating and cross-linking of these particles to substrates generated conformal coatings that significantly reduced fibrinogen adsorption and in vitro adhesion and spreading of an established macrophage cell line and primary human monocytes. More importantly, these coatings reduced leukocyte adhesion to polymer implants and attenuated the expression of pro-inflammatory cytokines in vivo. These microgel coatings can be applied to biomedical implants as a protective coating to attenuate biofouling as well as leukocyte adhesion and activation in biomedical and biotechnological applications. Microgel-coated surfaces adsorb 7-fold lower levels of purified human fibrinogen than unmodified PET controls and also display comparable biofouling resistance to tri(ethylene glycol)-terminated self-assembled monolayers on gold, * p < 0.001. Adherent cells were scored for viability, and cell density and area were quantified. Compared to unmodified PET substrates (a), microgel coatings (b) reduce macrophage adhesion to biomaterial surfaces. (c) Unmodified PET supported 40-fold higher levels of adherent macrophages compared to microgel-coated samples, which virtually eliminated cell adhesion, * p < 1.2×10 −5 . (d) Adherent macrophages also exhibited more cell extensions and significantly larger surface areas on unmodified PET controls than on microgel-coated surfaces, * p < 1.2×10 −5 . Data is presented as the average value ± standard error of the mean using n = 5 samples per treatment group. Scale bar is 100 µm. Adherent cells were scored for viability, and cell density and spread area were quantified. Compared to unmodified PET substrates (a), microgel coatings (b) reduce macrophage adhesion to biomaterial surfaces. (c) Microgel coatings elicit a 3-fold reduction in cell adhesion compared to unmodified PET surfaces, * p < 1.1×10 −4 . (d) Adherent macrophages also exhibit more cell extensions and 2-fold larger surface areas on unmodified PET controls than on microgel-coated surfaces, * p < 9.5×10 −7 . Data is presented as the average value ± standard error of the mean using n = 5 samples per treatment group. Scale bar is 100 µm. Disk-associated cells were harvested from implants and stained intracellularly for various cytokines, and several samples were stained for macrophage-or neutrophil-specific extracellular markers. (a) Two main populations of cells (P 1 and P 2 ) were observed on FSC vs. SSC plots. Macrophage and neutrophil populations of interest were both contained within P 1 , so cytometry profiles were gated using P 1 for all subsequent data analysis. (b, c, d ) Representative histograms show a significant population shift between unmodified PET controls and microgel-coated PET for the three cytokines examined. (e, f, g) Cells adherent to unmodified PET samples contained significantly higher levels of intracellular TNF-α (e), IL-1β (f), and MCP-1 (g) than microgel-coated samples, * p < 0.003. Data is presented as the
